Quaternary Ni-B-W-Mo coatings were deposited on AISI 1040 steel by the electroless method. Some of the specimens were heat-treated at 300, 350, 400, 450 and 500 °C, for 1 hour. The deposited coatings contained a high weight percentage of W, and a low B content was detected by energy dispersive X-ray analysis. The coatings in as-deposited state were amorphous, and heat treatment resulted in crystallization with the precipitation of borides. W and Mo were present in the coatings, mainly in a solid solution form. The surface morphology study revealed densely nodulated structures, which are pertinent for sodium borohydride reduced electroless nickel coatings. Electrochemical impedance spectroscopy studies were conducted to determine the corrosion resistance of the as-deposited and heat-treated coatings in a 3.5% NaCl electrolyte. The corroded surfaces were observed under scanning electron microscope, to study the corrosion mechanism.
Introduction
Sodium borohydride reduced electroless nickel (EN) (Ni-B) coatings are potential candidates as anti-wear and anti-friction agents in industrial applications under demanding conditions [1] . They possess high hardness, and their surface morphology, along with columnar growths, imparts self lubricating properties to the coatings [2] . In fact, these alloy coatings have higher hardness than those obtained from hypophosphite based baths in as-plated conditions [3] . The columnar growth of Ni-B coatings reduces their actual area of contact, and acts as a pocket for retaining lubricants [4] . The mechanical and wear properties are further enhanced during heat treatment, due to the precipitation of hard boride phases [5] . Thermochemical treatment/nitriding and vacuum heat treatment have a positive effect on the coating properties [6] [7] [8] . Due to such excellent properties, Ni-B coatings are increasingly replacing chromium, due to their favorable environmental impacts. Recent studies indicate the superior microhardness, thermal stability, low wear rate and friction coefficient of ternary electroless alloy coatings obtained from a borohydride reduced bath [3] . Even higher microhardness and wear resistance are achieved by the co-deposition of composite particles such as TiO2, Al2O3 and SiC [9] [10] [11] . Apart from the excellent mechanical and tribological properties, borohydride reduced coatings provide corrosion resistance, and protect the substrate from corrosive attacks. Electroless Ni-B coatings provide effective corrosion resistance to 316L stainless steel, commercially pure titanium, magnesium and AZ91D alloys [4, 5, 12] . Heat treatment of Ni-B coatings leads to deterioration in the corrosion resistance, due to the formation of new phases and grain boundaries which form active sites of corrosion attack [13] . Coatings with a low boron content are more prone to corrosive attacks [14] , in comparison to those with a high boron content [13] . The coating bath temperature also significantly affects the Ni-B coatings corrosion resistance. Ni-B coatings coated at a 60 ºC bath temperature have an excellent corrosion resistance [15] . Das and Sahoo [16] obtained optimal coating bath parameters for achieving enhanced corrosion resistance of Ni-B coatings, using Taguchi's orthogonal array and grey relational analysis. Improvement in the corrosion resistance of Ni-B coatings could be also achieved by thermochemical treatments [6] . Inclusion of tungsten/molybdenum or co-deposition of composite particles also lead to an improvement in corrosion resistance [9] [10] [11] [17] [18] . Nevertheless, hypophosphite reduced coatings are still more prone to corrosion resistance and prevention from chemical attacks, compared to borohydride reduced alloy/ poly alloy or composite coatings [1, 19] . Although several research works report the properties of the binary Ni-B, ternary Ni-B-W and Ni-B-Mo, and composite variants of sodium borohydride reduced coatings, the deposition and corrosion characteristics of the quaternary variant yet remain unexplored. The present work aimed to carry out the Ni-B-W-Mo coating deposition by the electroless method, and observe the effect of heat treatment on its morphological, structural and corrosion resistance. W and Mo were selected as alloying elements, since it was observed that they improve the thermal stability, oxidation resistance, tribological behavior and corrosion resistance of Ni-B coatings [2, 3, 17, 18] . Therefore, the inclusion of both W and Mo may lead to superior properties, and further open the Ni-B coatings scope of improvement. Electroless Ni-B-W-Mo coatings were deposited on AISI 1040 steel specimens. The coatings were heat-treated at 300-500 °C, for 1 hour. The composition, morphological and structural properties of as-deposited and heattreated coatings were observed using energy dispersive X-ray analysis, scanning electron microscope and X-ray diffraction techniques. The corrosion characteristics of the as-deposited and heat-treated coatings were observed using electrochemical impedance spectroscopy.
Experimental details
Electroless Ni-B-W-Mo coatings were deposited on AISI 1040 steel specimens (15 × 15 ×2 mm) of N5 (Ra=0.4µm) roughness grade. The substrates were chosen, since EN coatings follow the substrate profile. Initially, the specimens were thoroughly cleaned in detergent water, followed by acetone degreasing and rinsing in deionized water. The substrates were then air dried and subjected to pickling treatment in a 50% HCl solution for 1 min. The specimens were again rinsed in deionized water, and finally immersed into the electroless bath. Sodium tungstate (12.5 g/L) and sodium molybdate (12.5 g/L) were used as the W and Mo source, in the borohydride reduced alkaline electroless bath mentioned in the study by Mukhopadhyay et al. [3] , where the coating bath details and operating conditions may be found. A double bath coating system was adopted and, after 2 hours of deposition, the old bath was replaced by a new one. After a total period of 4 hours of deposition, the specimens were withdrawn from the bath, and rinsed in deionized water. Some coated specimens were subjected to heat treatment at 300, 350, 400, 450 and 500 °C, for 1 hour, in a muffle furnace. The coating composition in as-deposited state was determined using an energy dispersive X-ray (EDX) analyzer equipped with a Si (Li) super ultra thin window (SUTW) for the transmission of low energy X-rays. The surface morphology of the as-deposited and heat treated coatings was observed under high vacuum, using a scanning electron microscope (SEM) with an Everhardt Thornley secondary electron detector (FEI QUANTA FEG 250). Phase structures of the coating in as-deposited and post heat treatment conditions were identified using X-ray diffraction (XRD) technique, by employing Cu Kα radiation, at a scan rate of 1°/min and 2θ°, ranging from 20 to 80° (Rigaku, Ultima III). The coatings corrosion resistance was studied by electrochemical impedance spectroscopy (EIS), using a potentiostat (Gill AC, ACM instruments, UK) and a three electrodes arrangement electrochemical cell, with 3.5% NaCl as electrolyte. The coated specimen acted as working electrode (WE), a platinum electrode served as auxiliary electrode (AE), and a saturated calomel electrode was used as reference electrode (RE). The arrangement was such that only 1 cm 2 of the coated specimen surface was exposed to the electrolyte. The applied frequencies during the EIS tests varied from 10 kHz to 0.01 Hz. The equivalent circuit to fit the EIS parameters is shown in Fig. 1 . The charge transfer resistance (Rct) is the electron transfer resistance during the electrochemical reactions, while double layer capacitance (Cdl) is associated with the coatings delamination. The resistance offered between WE and RE is denoted by the solution resistance (Rs). Rct and Cdl values are considered as the corrosion parameters, and were obtained from Nyquist plots by fitting a semi-circle, using dedicated software provided by the instrument setup. After the corrosion tests, some specimens were observed under SEM (JEOL, JSM 6360), to ascertain the corrosion mechanism.
Results and discussions

Coating composition
The composition of the as-deposited coatings was obtained using EDX, and the spectrum is shown in Fig. 2 . The percentage by weight of Ni, B, W and Mo is 78.8, 3.2, 15.7 and 2.3%, respectively. It may be noted that W deposition in the obtained quaternary coating is quite high, in comparison to the Ni-B-W coating, where a higher amount of sodium tungstate (25 g/L) has been used [3] . This could be due to the presence of sodium molybdate, which has a stabilizing effect on EN baths [20] , and aids W deposition. The B content is seen to be in the low-B range, and the coatings could be nanocrystalline [13] [14] . In general, B's weight percentage deposited in Ni-B coatings influences its crystallinity, as well as the corrosion resistance. Coatings with higher B content are amorphous, and have a higher corrosion resistance [13] , whereas low-B coatings are nanocrystalline, and have a low resistance to corrosion [14] . 
Surface morphology
The surface morphology of the as-deposited and heat-treated coatings is shown in Fig. 3 . Well defined nodular structures similar to Ni-P-W-Mo coatings in asdeposited condition (Fig. 3(a) ) were obtained. Such morphology, which makes borohydride reduced coatings naturally lubricious, has been referred to as cauliflower-like by several researchers [4] [5] . On heat treatment, grain boundaries start to appear, indicating the crystallization onset ( Fig. 3(b)-(f) ). Such effect is more prominent for the coatings heat-treated at 450 and 500 °C, for 1 hour, in Fig. 3(e) and Fig. 3(f) , respectively. Inflated nodules for Ni-B coatings have been observed by Das and Sahoo [16] , in comparison to the as-deposited ones. But, in the present work, such phenomenon was not observed, and only a slight inflation may be seen. This is possibly due to the high thermal stability of the coatings, resulting from W and Mo codeposition. The Ni-B-W-Mo coatings heat-treated at 500 °C, for 1 hour, turned bluish, due to Ni oxides formation. A cross-cut section of the as-deposited coating is shown in Fig. 4 . Coatings columnar growths may be clearly observed, and closely connected to the substrate with ~30 µm thickness. Two coating deposition phases may be demarcated in Fig. 4 , resulting in a double layer coating. This is similar to the observation made by Vitry et al. [21] , where the bath replenishment effect was investigated. Moreover, the typical columnar growths of Ni-B and its alloys have been observed in most of the studies, and agree well with the present observations [2] [3] [4] [5] 22] . The columnar growths mainly act as a pocket for retaining lubricants, and decrease the actual contact area, resulting in low wear and friction coefficient. 
Phase transformations
To study the phase transformations, XRD of the as-deposited and heat-treated coatings were carried out, and the results are shown in Fig. 5 . The as-deposited coatings are amorphous, which contradicts the deposited low-B content. The inclusion of high amounts of W into Ni-B coatings promotes the amorphous phase, which is possibly the reason why the coatings are amorphous, even though they lie in the low-B range [23] . On heat treatment at 300/350 °C, for 1 hour, Ni3B phases appear. Above 350 °C, additional Ni2B phases appear. Up to a heat treatment temperature of 400 °C, the amorphous hump could still be observed (Fig. 5) . This is an indication of a rise in the coatings crystallization temperature.
Similar results have been also reported for Ni-B-W coatings with high-W and low-B contents [23] . The formation of borides has been also reported for the heat treatment of Ni-B, Ni-B-W and Ni-B-Mo coatings [13, [17] [18] . With the heat treatment, the reflection from the face centered cubic Ni (111) increases, especially at 450/500 °C. W and Mo solubility limits in Ni are 39 and 38 wt. %, respectively, and hence, they are present in a solid solution form [20] . Such results are also confirmed from the XRD results (Fig. 5) , since no W or Mo phases could be observed. No oxide phases could be observed at 500 °C, although the coating turned bluish (possibly due to NiO), but they can be revealed from further XPS studies. 
Electrochemical Impedance Spectroscopy
The coatings corrosion resistance was studied using EIS in 3.5% NaCl, and the Nyquist plot is presented in Fig. 6 . The corresponding EIS parameters are displayed in Table 1 . It can be clearly observed, in Fig. 6(a) , that the coatings heat-treated at 500 °C have the highest corrosion resistance, with a big semi-circular loop in the high frequency region. Rct and Cdl values (Table 1 ) also indicate the same. A high Rct and low Cdl are indicative of higher corrosion resistance, as observed for the coatings heat-treated at 500 °C, in Table 1 . This is even comparable to those observed for high corrosion resistant Ni-P coatings and its variants [19] , as well as for the binary Ni-B variants [14] . The high corrosion resistance of Ni-B-W-Mo coatings heattreated at 500 °C may be attributed to the formation of a protective oxide layer, and to W inter-diffusion from the coating to the surface, through the grain boundaries, after subjecting them to a high temperature treatment [17] . Moreover, it has also been observed, in electroless Ni-B-W, as well as in Ni-BMo coatings, that the corrosion resistance improves after the heat treatment, which agrees well with the present work [17] [18] . The as-deposited and heattreated coatings, at 300-450 °C, exhibit a semi-circular loop in the high frequency region, and a loop in the low frequency region (Fig. 6(b) ), in the Nyquist plot. This is indicative of a physicochemical phenomenon occurring at the metal/coating/solution interface [24] . Similar results have been reported for electroless Ni-low B coatings [14] . The phase plot (log f vs. theta) in Fig. 7 clearly reveals a single phase angle maximum for the coating heat-treated at 500 °C, for 1 hour, with high corrosion resistance. In general, a two phase angle maximum suggests the involvement of two time constants, and may be related to electrolyte/coating and coating/substrate interfaces. Thus, it may be concluded from the loop in the high frequency region and in the single phase angle maximum, in Fig. 6 and Fig. 7 , respectively, that, except for the coating heat-treated at 500 °C, for 1 hour, the electrolyte may have penetrated into the substrate, for as-deposited and heat-treated coatings. A coating corrosion resistance depends, to a large extent, on the coating thickness, porosity, morphology, internal stresses, grain size, etc. In the present case, though relatively high thickness of the coatings is achieved, the electrolyte still penetrates, in the as-deposited, as well as in the 300-450 °C coatings cases. This happens due to the columnar growth [14] in the as-deposited condition, and it is further aided by the formation of new phases (that form local corrosion cells with different potentials), grain growth and creation of grain boundaries with the heat treatment [13] . Furthermore, the heat treatment at 500 °C results in W diffusion through the grain boundaries to the surface, which forms a protective oxide layer, thereby preventing corrosion [17] . 
Corrosion mechanism
The coatings' corrosion mechanism is further assessed from SEM micrographs of some of the specimens subjected to EIS, and is shown in Fig. 8 .
The as-deposited electroless Ni-B-W-Mo coating ( Fig. 8(a) ) indicates the formation of local cracks and of some black spots. The coating heat-treated at 350 °C, for 1 hour, also reveals significant cracking, as well as a severe attack by chloride ions (Fig. 8(b) ). The electrolyte, therefore, penetrates through the coating, as previously mentioned, and the formation of localized cells is confirmed from Fig. 8(a) and Fig. 8(b) . Due to the formation of such corrosion pits, Cdl deteriorates (Table 1) . Electroless Ni-B-W-Mo coatings, heat-treated at 500 °C for 1 hour, do not show such severe cracks, (Fig. 8(c) ), which is in accordance with the EIS results (Table 1) . Instead, the formation of a corrosion product with a specific nanostructure may be identified in its magnified view ( Fig. 8(d) ). This is similar to the observation made by Bekish et al. [25] . The formation of such films may prove to be beneficial for the coatings, thereby improving their corrosion resistance. Therefore, the corrosion resistance of Ni-B-W-Mo coatings heat-treated at 500 °C is enhanced, due to two reasons: (a) W diffusion to the surface through grain boundaries or nodules and (b) formation of a new corrosion protection film. Finally, it may be also concluded that W and Mo inclusion, as well as the heat treatment at 500 °C, result in an excellent corrosion resistance of Ni-B coatings. It has been mostly observed that hypophosphite reduced coatings are highly corrosion resistant, in comparison to borohydride reduced variants. The borohydride reduced coatings are mainly preferred for their high hardness and anti-wear/friction properties. The present study thus opens the coatings scope for applications also requiring enhanced corrosion resistance. It may be also herein noted that an electroless Ni-B bath containing only sodium tungstate (25 g/L) led to ~3.5% W deposition, while sodium molybdate (25 g/L) inclusion only led to ~4.1% Mo deposition [3] . When both of them are simultaneously present in the coating bath, W deposition is remarkably improved, which proves to be beneficial for the coatings properties. Therefore, it is necessary to further study the quaternary bath chemistry, which could lead to the discovery of the borohydride reduced coatings overwhelming properties.
Conclusions
A quaternary variant of sodium borohydride reduced coating, containing W and Mo, was deposited on AISI 1040 steel. The following conclusions may be drawn from this study: a) The deposited quaternary coatings lie in the low B range, with 3.2 wt. % B in the coatings, while the achieved W content is quite high, i.e., 15.7 wt. %. Such high W content is observed when sodium molybdate is present, along with sodium tungstate, in the borohydride reduced electroless bath. b) The as-deposited and heat-treated coatings exhibited a well defined nodular structure. The formation of grain boundaries was observed when the coatings were heat-treated. c) Electroless Ni-B-W-Mo coatings are amorphous in an as-deposited condition.
But, due to the low B content, it was expected that the coatings were nanocrystalline. The high W content promotes the amorphous phase in an as-deposited condition. Heat treatment at 300-500 °C, for 1 hour, resulted in the precipitation of crystalline Ni, Ni3B and Ni2B phases, while W and Mo are present in the coatings, in a solid solution state. d) EIS studies in 3.5% NaCl indicate corrosion resistance degradation after heat treatment at 300-450 °C, in comparison to the as-deposited coatings. This is attributed to the formation of local cells, and to the penetration of the electrolyte through defects such as grain boundaries, as well as columnar growths. Concerning heat treatment, at a further higher temperature of 500 °C, for 1 hour, a significant improvement in corrosion resistance was achieved. This happens due to the aggravation of W diffusion through the grain boundaries to the coating surface, at higher heat treatment temperatures, and to the formation of a protective oxide layer. The SEM micrograph also shows a thin film of corrosion product, which inhibits the 500 °C heat-treated coating corrosion.
